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Polymeric methylenediphenyl diisocyanate (MDI) is a high production volume chemical intermediate
consisting of monomeric 4,40-MDI, its 2,20- and 2,40-isomers, and higher oligomeric homologues. The tox-
icity of pMDI has systematically been investigated in previous regulatory and mechanistic studies. One
cornerstone of toxicological risk assessment is to understand the critical Mode of Action (MoA) of inhaled
MDI aerosol. This paper compares the no-observed-adverse effect levels (NOAELs) in rats from two pub-
lished whole-body exposure chronic inhalation bioassays with the lung irritation-based point of depar-
tures (PODs) from acute and subacute nose-only inhalation studies. Acute irritation was related to
elevated concentrations of protein in bronchoalveolar lavage fluid (short-term studies), whilst the
chronic events were characterized by histopathology. In the chronic bioassay the exposure duration
was either 6 or 18 h/day while in all other studies a 6 h/day regimens were applied. The major objective
of this paper is to analyze the interrelationship of acute pulmonary irritation and the acute-on-chronic
manifestations of pulmonary disease following recurrent chronic inhalation exposure. This included con-
siderations on the most critical metrics of exposure with regard to the acute concentration � exposure
duration per day (C � Tday) and the chronic cumulative dose metrics. In summary, this analysis supports
the conclusion that the C � Tday relative to the acute pulmonary irritation threshold is more decisive for
the chronic outcome than the concentration per se or the time-adjusted cumulative dose. For MDI aero-
sols, the acute threshold C � Tday was remarkably close to the NOAELs of the chronic inhalation studies,
independent on their differing exposure mode and regimens. This evidence is supportive of a simple,
direct MoA at the site of initial deposition of aerosol. Accordingly, for chemicals reactive to the endoge-
nous nucleophilic agents contained in the lining fluid of the lung, one unifying essential prerequisite for
pulmonary injury appears to be a C � Tday that exhausts the homeostatic pool of MDI-scavenging agents.
In the case that threshold is exceeded, the secondary compensatory chronic response may then cause
additional superimposed types of chronic pathologies.


� 2011 Elsevier Inc. All rights reserved.

1. Introduction and mould cores for the foundry industry. In rigid polyurethane

Polymeric methylenediphenyl diisocyanate (MDI) is a viscous,
reactive chemical intermediate with very low vapor pressure at
room temperature. Polymeric MDI consists of 35–50% of mono-
meric MDI with higher molecular weight homologues as balance.
Major byproducts are the isomers 2,40-MDI and 2,20-MDI (EU,
2005). The world production of MDI, all types included, represents
2.5 million tonnes per year in 1996 with an increasing production
trend (EU, 2005). MDI is used world wide in the industrial produc-
tion of rigid polyurethane foams. Other uses are in the fields of
coatings, adhesives, sealants and elastomers such as paints, adhe-
sives, weather resistant sealing materials and footwear. There is
use also in the production of particle board (bonding of wood)
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production, low density products are mainly used for insulation
purposes such as insulation panels, spray foam on walls and roofs,
refrigerator insulation, oil storage tanks, refrigerated container
transport and car accessories. All MDIs are commercialized and
used as manufactured mainly in an industrial environment. Some
do-it-yourself products may still contain residual MDI.


Chronic inhalation studies with aerosolized polymeric MDI on
rats demonstrate that the lower respiratory tract is the most sus-
ceptible region of the tract evidenced as pulmonary irritation,
inflammation, bronchiolio-alveolar hyperplasia, adenomas, and
interstitial fibrosis (Reuzel et al., 1994a). Similar findings occurred
in a chronic inhalation rat bioassay with condensation aerosol of
monomeric MDI (Hoymann et al., 1995; Feron et al., 2001). Mea-
surements addressing the elimination of MDI from the lung sug-
gest a fast and slow elimination t1/2 of �1 and �9 days,
respectively (Pauluhn 2002a; Gledhill et al., 2005). These findings
do support the view that MDI-reaction products do not appear to

ic mode of action of inhaled methylenediphenyl diisocyanate (MDI) in rats
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accumulate in the lung to any appreciable extent which calls for a
re-assessment of the cumulative-dose approach articulated by Fer-
on et al. (2001).


The putative mechanistic relationship that links the MDI-
induced acute events with the total chronic outcome is conceptu-
alized in Fig. 1. This diagrammatic representation illustrates that
the inhaled and deposited MDI is qualified to locally ‘titrate out’
nucleophile scavenging molecules and in particular glutathione
(GSH) at its initial site of deposition. Reactions with less nucleo-
philic biopolymers present in the alveolar lining fluids or cell
membranes may occur with increased inhaled dose per exposure
day (C � Tday). Consistent with its technical use, MDI may undergo
complex chemical reactions with itself, with peptides and/or pro-
teins. These expected reaction products may accumulate in the
lung over time leading eventually to a sustained inflammatory re-
sponse. Such interactions result into dysfunctional surfactant and
increased protein efflux from the capillary system into the alveoli
which may further destabilize pulmonary surfactant. In the pres-
ence of inflammation, GSH may additionally be oxidized and de-
pleted due to its antioxidant properties. As a response to type I
cell injury, the increased demand to reconstitute lung surfactant
and antioxidants, and the need to remove excessively extravasated
fluid from the alveoli, the very active antioxidant protection en-
zyme systems of type II pneumocytes are upregulated, proliferate,
and become hyperplastic. Typically, such a series of compensatory
events leads to adaptation and tolerance upon recurrent exposures
(Dormans and Van Bree, 1995; Hatch et al., 2001; Pauluhn, 2002a;
Pauluhn et al., 2007), i.e., the alveolar region becomes more resis-
tant to the acute mode of action of MDI. Additional superimposed
types of chronic pathologies may occur, in case these compensa-
tory mechanisms become increasingly dysfunctional and chroni-
cally decompensated.


The hypothetical concept outlined in Fig. 1 illustrates that the
critical mode of action (MoA) is likely to be based on the early

Fig. 1. Schematic representation outlining the key events of MDI-induced pulmonary to
react with the nucleophiles, such as glutathione (GSH), peptides, and proteins. The latte
nucleophilic capacity of this layer is overwhelmed surfactant becomes increasingly dysfu
reaction products are phagocytosed by alveolar macrophages which under stressed con
synthesis, to protect themselves from oxidative injury. The availability of GSH is essentia
functioning. If impaired, the ability to execute phagocytosis and microbial clearance as w
species are of fundamental importance in both activation and execution of apoptosis con
challenged by multiple processes to maintain the alveolus physiologically functional. Sus
to increase the likelihood of neoplasia. The role of GSH in the control of lung inflammatio
elsewhere (Brown et al., 2007; Rahman and MacNee, 2000; Vandenabeele et al., 2010).
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acute effects (pulmonary irritation) and superimposed ‘acute-on-
chronic’ events after recurrent chronic exposure. This hypothesis
was tested by comparing the integrated chronic lung pathology
with the C � Tday metrics of acute alveolar irritation. These types
of effects appear to be integrated best by increased total protein
in bronchoalveolar lavage (BAL) fluid and lung weights which were
taken either as evidence of compensatory changes leading to adap-
tation, hypertrophy, proliferation, and reconstitution or aggrava-
tion of the response under consideration.


Haber’s rule applies to acute, non-intermittent inhalation regi-
mens only, as the integrated effect is still independent of compen-
satory or adaptation mechanisms. For the verification of this
concept key endpoints from several mechanistic short-term inha-
lation studies were compared with those from two chronic rat
inhalation studies with differing exposure regimens of either 6 or
18 h/day. The purpose of this paper is to test the hypothesis as to
whether the chronic pathology following mMDI- and pMDI-aerosol
inhalation exposure is more contingent upon the acute pulmonary
irritation C � Tday, the dose-rate per day or the cumulative
C � RTday keeping in mind that the accumulation of polymerized
MDI may putatively lead to a sustained lung overload-like pulmon-
ary inflammation. This mode of action needs to be differentiated
from interactions caused by the acute pulmonary irritation with
chronic pulmonary inflammation which was paraphrased as
acute-on-chronic inflammation.

2. Methods


2.1. Test material


The following isomers of monomeric methylenediphenyl diiso-
cyanate (mMDI) were examined in this study: 2,20-MDI (purity:
98.8%), 2,40-MDI (purity: 99.6%), and 4,40-MDI (purity: 98.4%).

xicity. Aerosols of MDI deposited in the alveolar epithelial lining fluids (surfactant)
r may also be transcarbamoylated via adducted glutathione (MDI-SG). In case, the
nctional and deterioration of cell membranes and cytotoxicity occur. The resultant
ditions, rely on the surfactant pool of GSH to provide precursors for de novo GSH
l to maintain their membrane integrity and homeostasis necessary for optimal cell
ell as to control the respiratory burst become compromised. Since reactive oxygen


ditions may occur where the regenerative hyperplasia of type II cells is additionally
tained cell proliferation in the presence of dysfunctional apoptosis has the potential
n, redox-sensitive transcription factors, and necroptosis has been dealt with in detail


ic mode of action of inhaled methylenediphenyl diisocyanate (MDI) in rats
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Two types of polymeric methylenediphenyl diisocyanate (pMDI)
were examined: generic pMDI (mixture of 35.1% 4,40-MDI and
62.8 % higher oligomers of mMDI), and mMDI-depleted pMDI
(mixture of 98.8% pMDI and 1.2% mMDI). All substances were pro-
duced and characterized by Bayer Material Science, Leverkusen,
Germany. The shelf-life of all substances was certified for the ap-
plied storage conditions (4 �C, head space of containers purged
with dry nitrogen each time when opened). Of note is that similar
types of pMDI and 4,40-MDI were used in this and the two chronic
inhalation studies (Reuzel et al., 1994a; Hoymann et al., 1995).


2.2. Animals, diet, and housing conditions


Healthy young adult male and female SPF bred Wistar rats,
strain Hsd Cpb:WU (SPF), from the experimental animal breeder
Harlan–Winkelmann GmbH, Horst (The Netherlands), were used.
Female rats were nulliparous and not pregnant. Animals were
placed in polycarbonate cages (1 rat per cage), containing bedding
material low-dust wood granulate from Lignocel BK 8–15 (Rette-
nmaier), and were provided with a standard fixed-formula diet
(KLIBA 3883 = NAFAG 9441 pellets maintenance diet for rats and
mice; PROVIMI KLIBA SA, 4303 Kaiseraugst, Switzerland) and
municipality tap-water (drinking bottles). Both food and water
were available ad libitum. The pelletized feed was contained in a
rack in the stainless-steel wire cage cover. At the study start aver-
age body weights were targeted to be in the range of 200 and 180 g
for males and females, respectively. Individual weights did not ex-
ceed ±10% of the mean for each sex. Rats of this weight class used
are approximately 2 months old and fulfill the criterion to be
young adult. Animal rooms were maintained at approximately
22 �C with relative humidity at 40–60% and a 12-h light cycle
beginning at 0600 h. The studies were performed in an animal
care-approved laboratory in accordance with the German Animal
Welfare Act and European Council Directive 86/609/EEC. The stud-
ies presented in this paper to close current data gaps of MDI were
conducted in compliance with the OECD Principles of Good Labora-
tory Practice (OECD, 1998).


2.3. Approach for evaluation of inhalation data from previous and
present studies


Additional acute inhalation studies were performed to better de-
fine the irritant toxic potencies of the isomers of monomeric MDI
and to which extent the higher oligomers of MDI homologues attri-
bute to pulmonary irritation. Irritation threshold concentrations

Table 1
Reference Studies.


Study type Test article and
characteristics


G
c


2-week nose-only exposure, male & female Wistar rats,
6 h/day, 5 days/wk; rats were sequentially sacrificed
during the 3rd exposure week which resulted in max.
3 wks of exposure


pMDI 4,40-MDI: 50% 3-
core: 34%
Balance: higher
homologues


1


4-week nose-only exposure with 4-wk recovery, female
Alpk:APfSD rats, 6 h/day, 5 days/wk rats were
sequentially sacrificed during the 5th exposure week


pMDI 4,40-MDI:44% 3-
core: 23%
Balance: higher
homologues


0


TNO: 2 year whole body exposure, male & female Wistar
rats, 6 h/day, 5 days/wk


pMDI 4,40-MDI: 50% 3-
core: 25%
Balance: higher
homologues


0


FhG: 2 year whole body exposure, female Wistar rats,
18 h/day, 5 days/wk


mMDI 4,40-MDI:
>99.5%


0


Abbreviations: TNO, TNO Nutrition and Food Research, Toxicology Division, Zeist, The Net
formerly Fraunhofer Institute of Toxicology and Aerosol Research, Hannover, Germany.


a Sequence of values matches the sequence of concentrations low ‘-L’, intermediate ‘-
b HPLC-nitro-reagent derivatization method (for details see Feron et al., 2001).
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from single and 2–4 week repeated exposure inhalation studies
were compared to identify early markers of cumulative effects
and adaptation (Pauluhn et al., 1999; Pauluhn, 2002b; Kilgour
et al., 2002). In all short-term studies rats were nose-only exposed
for 6 h per day. Based on the mechanistic insights from previous
studies, the acute response to C � Tday-related pulmonary irritation
was integrated best by the measurement of total protein in BAL-
fluid (BAL-protein) collected one day after the last exposure. The
C � Tday-response point that marks the intercept of the first increase
in BAL-protein was taken as point of departure (POD) and is defined
as the ‘irritation threshold’ C � Tday. Data were expressed relative to
time-matched, nose-only exposed concurrent controls (=100%).
Notable is that this POD does not take into consideration the upper
bound on any observed effect from the dose–response relationship.


The chronic inhalation studies utilized whole-body exposure
using a 6-h/day, 5-day/week regimen for pMDI (TNO; Reuzel
et al., 1994a) and an 18-h/day, 5-day/week regimen for mMDI
(FhG; Hoymann et al., 1995). The key characteristics of both stud-
ies are presented in Table 1. A detailed comparison of both studies
has already been given by Feron et al. (2001). Deposition patterns
of aerosol in rats were calculated by MPPD2 software using the
model default parameterization (Anjilvel and Asgharian, 1995;
RIVM, 2002) and are presented in Fig. 2. With regard to the chronic
histopathology findings, the incidence percentages given in Table 7
of the publication from Feron et al. (2001) were weighted by the
respective severity gradings as defined in Table 6 in the Feron pa-
per. This means, the respective category-specific and grade-specific
percentage was multiplied by the weighting factors 1–5 to yield
the cumulative percentage of scores per exposure group. Based
on the hypothesis outlined in Fig. 1, the integrated chronic pathol-
ogy was categorized into ‘adenoma and hyperplasia’ comprising
the following findings: adenoma, bronchiolo-alveolar hyperplasia,
bronchiolo-alveolar alveolar type; adenoma, bronchiolo-alveolar
hyperplasia, bronchiolo-alveolar bronchiolar type; hyperplasia,
bronchial epithelium interstitial fibrosis. A similar categorization
was used as a substitute of the chronic exposure dose categorized
as ‘macrophage’ response to inhaled MDI: particle-laden alveolar
macrophages; particle-laden interstitial macrophages, alveolar
macrophages with hemosiderin inclusions.

2.4. Design of new inhalation studies


The published median lethal concentration (LC50) of pMDI (Reu-
zel et al., 1994b) was re-examined to better allow a methodology-
adjusted comparison of all MDI’s addressed in this study. All LC50

ravimetric
oncentrationa [mg/m3]


Particle sizea MMAD
[lm]/GSD


Reference


.1, 3.3, 13.7 1.5, 1.5, 1.5/1.5, 1.5,
1.6


Pauluhn et al. (1999)


.93, 3.9, 10.3 1.1, 1.6, 1.1/2.5, 2.0,
1.7


Kilgour et al. (2002)


.19, 0.98, 6.03 �0.71/�2.5 Reuzel et al. (1994), Feron
et al. (2001)


.23, 0.70, 2.05b �1.0 / 1.25 Hoymann et al. (1995), Feron
et al. (2001)


herlands; FhG, Fraunhofer-Institute of Toxicology and Experimental Medicine, ITEM,


I’, and high ‘-H’.


ic mode of action of inhaled methylenediphenyl diisocyanate (MDI) in rats
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Fig. 2. Deposition patterns of polymeric MDI aerosol (TNO; Reuzel et al., 1994; Feron et al., 2001) and monomeric MDI aerosol (FhG; Hoymann et al., 1995; Feron et al., 2001)
in rats. Calculations utilized MPPD2 software (Anjilvel and Asgharian, 1995; RIVM, 2002).
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studies were investigated as called for by OECD TG#403 and
GD#39 (OECD, 2009a,b) using nose-only exposure of 5 rats/sex/
group and an exposure period of 1 � 4 h followed by a postexpo-
sure period of 2 weeks. Rectal temperatures were measured
shortly after exposure using a rectal probe (flexible thermo-probe
for rats/mice; Hugo Sachs Elektronik-Havard Apparatus, Scientific
Instruments, March/Freiburg, Germany). The appearance and
behavior of all animals were examined systematically on the expo-
sure and postexposure days. Body weights were recorded on days
0,1,3,7, and 14. Non-lethal threshold concentrations (LC01) were
estimated in accordance to OECD GD#39.


The concentration- and time-dependence of biomarkers of alve-
olar irritation were examined by bronchoalveolar lavage (BAL) on
postexposure days 1,3, and 7 in 6 male rats/group/sacrifice time
point, applying a 6-h nose-only exposure duration to aerosolized
4,40-MDI and mMDI-depleted pMDI. Data were compared with
pMDI examined under otherwise similar conditions (Pauluhn,
2000, 2002a,b; Kilgour et al., 2002). Pulmonary irritation potencies
were assayed on male rats only as sex-specific differences in sus-
ceptibilities have not been demonstrated in past inhalation studies
(Pauluhn et al., 1999; Reuzel et al., 1994a,b).


2.5. Acute toxic lethal potency comparisons of mMDI isomers, pMDI,
and mMDI-depleted pMDI


Atmospheres were generated under dynamic directed-flow
nose-only exposure conditions. The generation conditions were

Table 2
Acute lethal toxic potencies of mMDI, pMDI, and mMDI-depleted pMDI.


Substance Aerosolization system LC50-4 h (


2,20-MDI Collison Nebulizer @60 �C 527 (445–
2,40-MDI Collison Nebulizer @50 �C 387 (289–
4,40-MDI Collison Nebulizer @60 �C 367 (296–
pMDI Syringe/atomizer 310 (266–
pMDI-depleted of mMDI Syringe/atomizer >2188e


a Male rats were approximately twice as susceptible as female rats; the impact of part
570 mg/m3 (MMAD 3.55 lm, GSD 2.29) at otherwise identical test conditions. At 546 an


b Males approximately twice as susceptible than female rats.
c Males approximately twice as susceptible than female rats; the impact of particle size


m3 (MMAD 3.05 lm, GSD 2.08) at otherwise identical test conditions. At 399 and 500 m
d Males and female equally sensitive.
e The maximum technical attainable concentration.
f The LC01 of 2,20-MDI was estimated by probit analysis. The remaining data represen
g Mortality occurred in female rats only.
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optimized to aerosolize the respective test substance without sol-
vents or vehicle and to meet the particle size criteria of OECD
TG#403 and GD#39 (OECD, 2009a,b). Liquid test articles were
atomized using a digitally controlled digitally controlled Havard
PHD 2000 pump and a modified Schlick-nozzle Type 970, form-S
3 (Schlick GmbH, Coburg, Germany). To reduce the viscosity of
the test substance the nozzle was maintained at slightly elevated
temperature (water jacketed nozzle connected to a digitally con-
trolled thermostat). Solid/waxy types of MDI were nebulized with
pressurized N2 in a molten state (BGI 1-nozzle collision nebulizer
(Type CN-25 MRE, BGI Inc., Waltham MA, USA; modified). The res-
ervoir was maintained at approximately 60 �C (for details see
Table 2). The atomization and nebulization systems used have
been detailed elsewhere (Pauluhn et al., 2000; Pauluhn, 2004a,b).
The inhalation chamber used was suitable to accommodate 20 rats
at the perimeter location (flow rate per exposure port: 0.75–1.5 L/
min). Targeted concentrations were attained by pull–push air dilu-
tion cascades which also provide exposure atmospheres with ade-
quate concentrations of oxygen. Inhalation chamber humidity and
temperature were approximately 23 �C and less than ca. 5%,
respectively. Similar conditions have frequently been used in
nose-only inhalation studies with reactive chemicals. Detrimental
effects to the respiratory epithelium was not found as a result of
low-humidity (Pauluhn and Mohr, 1999). Measured air-flows were
calibrated with precision flow-meters and/or specialized flow-cal-
ibration devices (Bios DryCal Defender 510; http://www.smg-
link.com/bios/drycal-defender/drycal_defender.html) and were

sexes combined) LC01
f (sexes combined) Average MMAD


[lm]/GSD


624)a 317 �3/2.2
518)b 214 3.4/2.5
458)c 300 3.3/2.2
361)d 237 1.8/1.8


2188g 589g 1.8/1.8


icle size was examined side-by-side at 546 mg/m3 (MMAD 1.85 lm, GSD 1.87) and
d 570 mg/m3 the mortality was 80% and 30%, respectively.


was examined side-by-side at 399 mg/m3 (MMAD 2.08 lm, GSD 2.01) and 500 mg/
g/m3 the mortality was 70% and 30%, respectively.


t the lowest experimentally determined non-lethal concentration.
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Fig. 3. Comparison of inflammatory endpoints (total protein, lactate dehydrogenase, c-glutamyltransferase) in bronchoalveolar lavage fluid (BALF) from nose-only exposed
rats (1 � 6 h) to mMDI and mMDI-depleted pMDI aerosols (for experimental details see Table 2). Data points represent the mean ± S.D. of six male rats per postexposure
sacrifice time point. Asterisks denote statistical significance when compared to the time-matched control (⁄P < 0.05, ⁄⁄P < 0.01).
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checked for correct performance at regular intervals. Details of this
directed-flow nose-only exposure system were published else-
where (Pauluhn and Thiel, 2007). The integrity and stability of
the aerosol generation and exposure system was assured using a
RAS-2 real-time aerosol photometer (MIE, Bedford, Massachusetts,
USA). Test-substance concentrations were determined by gravi-
metric analysis (filter: Glass–Fiber–Filter, Sartorius, Göttingen,
Germany) in hourly intervals. Particle-size analyses utilized a
low-pressure critical orifice AERAS stainless steel cascade impactor
(HAUKE, 4810 Gmunden, Austria). The mass median aerodynamic

Please cite this article in press as: Pauluhn, J. Interrelating the acute and chron
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diameter (MMAD) and the geometric standard deviation (GSD)
were calculated as described previously (Pauluhn, 2005).


2.6. Assessment of acute pulmonary irritation by bronchoalveolar
lavage (BAL)


Rats were anaesthetized using sodium pentobarbital (Narco-
ren�; 120 mg/kg body weight, intraperitoneal injection). Complete
exsanguination was achieved by severing the aorta abdominalis.
After exsanguination, the excised lung was weighed and then

ic mode of action of inhaled methylenediphenyl diisocyanate (MDI) in rats
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Fig. 4. Comparison of cellular endpoints in bronchoalveolar lavage (total cell counts, polymorphonuclear neutrophils) from rats nose-only exposed for 1 � 6 h to mMDI and
mMDI-depleted pMDI aerosols. Data points represent the mean ± S.D. of six male rats per postexposure sacrifice time point. Asterisks denote statistical significance when
compared to the time-matched control (⁄P < 0.05, ⁄⁄P < 0.01).
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Fig. 5. Wet lung weights from rats nose-only exposed for 1 � 6 h to mMDI and mMDI-depleted pMDI aerosols. Data points represent the mean ± S.D. of six male rats per
postexposure sacrifice time point. Asterisks denote statistical significance when compared to the time-matched control (⁄P < 0.05, ⁄⁄P < 0.01).
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lavaged via a tracheal cannula with two volumes of 5-ml of
physiological saline (kept at 37 �C), each withdrawn, re-instilled
once. Prior to centrifuging the samples were kept on ice. Pooled
BAL-fluid was centrifuged at 200g for 10 min at <10 �C (Sigma

Please cite this article in press as: Pauluhn, J. Interrelating the acute and chron
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4K15C-centrifuge). The cell pellet was re-suspended in PBS-BSA
and centrifuged (2 � 105 per cytospot) onto slides using a cytocen-
trifuge (Shandon Cytospin 4). Air-dried slides were fixed with a
mixture of methanol:acetone, stained according to Pappenheim,
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(Pauluhn, 2000). Rats were nose-only exposed for 1 � 6 h and were sacrificed one day postexposure. Data represent group means ± S.D.s.
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and differentiated by light microscopy (300 cells were counted/
cytospot). Cell counts were determined in triplicates after 1:1000
dilution using a CASY cell counter + analyzer (Innovatis, Reutlin-
gen, Germany). In the supernatant, BAL-fluid was analyzed for total
protein, lactate dehydrogenase (LDH), and c-glutamyltransferase
(c-GT).
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2.7. Data analysis


LC50 values were calculated according to Rosiello et al. (1977).
Lung weights and BAL data were analyzed by one-way analysis
of variance (ANOVA) followed by a multiple comparison Tukey–
Kramer post hoc test. Nonlinear regression parameters were esti-
mated using SigmaPlot 11.0 software (Systat Software Inc., Point
Richmond, CA). For all tests the criterion for statistical significance
was set at P < 0.05. The modeling procedures for estimating lung
overload have been published elsewhere (Pauluhn, 2011).
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Fig. 7. The elimination half-times were estimated from two independent nose-only
inhalation studies in rats. In study I rats were repeatedly exposed pMDI aerosol for
6 h/day on 5 days/week for �3 weeks (Pauluhn, 2002). During a postexposure
period of maximal 2 weeks lung cells were harvested by bronchoalveolar lavage
(BALC). After digestion of lung tissue and hydrolysis of MDI-adducted biopolymers,
the resultant analyte 4,40-MDA was taken as marker of cumulative exposure to MDI.
In study II rats were acutely exposed to the aerosol of radioactive labeled
monomeric 14C-4,40-MDI for 6 h (Gledhill et al., 2005). The time course changes
in radioactivity in lung tissue homogenates were taken for analysis. Elimination
half-times were calculated from the respective slope assuming a first-order
elimination kinetics. Data represent the means from six male rats/group.

3. Results and discussion


3.1. Acute lethal toxic potencies of mMDI, pMDI, and mMDI-depleted
pMDI


The isomers of solid mMDI were molten at mildly elevated
temperature (for details see Table 2). The MMADs were as called
for by OECD-TG#403 and -GD#39; however, they were higher for
molten mMDI than for liquid pMDI (Table 2). With the exception
of 2,20-MDI, the LC50s of 2,40-MDI, 4,40-MDI and pMDI were in a
similar range. As far as differences in the median acute lethal toxic
potencies were observed they appear to be related to the higher
respirability of the liquid pMDI types as compared to the solid
monomeric MDIs. The conspicuous dependence of mortality on
particle size (for details see legend of Table 2) may be related to
two factors: (1) the critical acute mode of action ‘lung edema’ is
highly dependent on the respirability of aerosol and (2) larger aer-
osol may be deposited to a greater extent in the nasal passages
which is known to cause a depression in ventilation and inhaled
dose accordingly (Pauluhn, 2000). Mortality of most rats occurred
up to the first postexposure day. pMDI depleted of mMDI did not
cause mortality in male rats up to the maximum technically

Please cite this article in press as: Pauluhn, J. Interrelating the acute and chron
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attainable concentration of 2188 mg/m3 while in each of the
1341 and 2188 mg/m3 exposure groups 1 of 5 female rats suc-
cumbed. In general, with few exceptions, there was a consistent
tendency that female rats were less susceptible than male rats
(see legend of Table 2). In all rats a hypothermic response (body
temperature as low as 29 �C) was observed after cessation of
exposure and is taken as indirect evidence of upper respiratory
tract sensory irritation (Gordon et al., 1988, 2007). Respiratory
tract sensory irritation causes a depression of ventilation and a
resultant flattening of the concentration–response curve. Accord-
ingly, calculated LC01 values from the linearized probit analysis
were in most instances lower than the empirically determined
non-lethal threshold concentrations.

ic mode of action of inhaled methylenediphenyl diisocyanate (MDI) in rats
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3.2. Acute pulmonary irritation of mMDI, pMDI, and mMDI-depleted
pMDI


In this segment of study the aerosolization technique of mMDI
and mMDI-depleted pMDI was further optimized to meet the par-
ticle size characteristics of the pMDI reference studies. The aerosol
size distributions were as follows (MMAD/GSD; means ± S.D.,
n = 4): mMDI: 1.4 ± 0.1 lm/2.0 ± 0.1, mMDI-depleted pMDI:
1.3 ± 0.1 lm/2.3 ± 0.1, pMDI (Pauluhn, 2000): 1.5 lm/1.6, and
pMDI (Kilgour et al., 2002): 1.1 lm/1.5. The concentration–
response and time-course of endpoints in BAL indicative of lower
respiratory tract irritation are given in Figs. 3 and 4. These illustra-
tions depict a remarkable coherence in the concentration–response
and time-course patterns of BAL-PMNs (polymorphonuclear cells)
and BAL-protein. The increase in lung weights (Fig. 5) matched
the magnitude of effects occurring in BAL; however, its relative
change to the time-matched concurrent control was markedly less
pronounced as compared to the endpoints in BAL. Consistent with
previous data, the most sensitive endpoint in BAL mirroring the
edemagenic potencies of MDIs was total protein. mMDI and
mMDI-depleted pMDI aerosols elicited markedly different intensi-
ties of lower respiratory tract irritation (Figs. 3–5). The precipitous
increase in total cell counts on postexposure day 3 was caused by a
transiently increased influx of alveolar macrophages. Most of the
endpoints examined showed evidence of reversibility within the
7-day postexposure period.


The concentration–response relationship of BAL-protein gained
its maximum on postexposure day 1 and is compared for mMDI,
mMDI-depleted pMDI, and pMDI in Fig. 6. The POD of pulmonary
irritation was estimated from the linear log (relative BAL-protein
change to the time-matched concurrent control) vs. log (concentra-
tion)-relationship. The slope of this relationship becomes shallower
from mMDI to mMDI-depleted pMDI and pMDI. Thus, it seems that
the slope increases with increasing homogeneity of MDI. The pul-
monary irritation threshold concentration of mMDI was greater
than that of pMDI and lower than that of mMDI-depleted pMDI
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Fig. 8. Benchmark analysis of BrdU positive cells from the centriacinar region of the lung
Pauluhn et al. (1999) and Kilgour et al. (2002) were combined (for experimental details se
were fit to the empirical data (means ± S.D.). The lower-bound 95% confidence limit on the
as the maximum likelihood estimate (MLE), is called the BMD.
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(Fig. 6). This appears to suggest that the higher oligomers contained
in pMDI exhibit a markedly lower acute pulmonary irritation po-
tency than mMDI aerosol. However, the higher irritation potency
of mMDI-aerosol becomes clearly evident at supra-irritant concen-
trations. Overall, a direct relationship of increased BAL-protein and
acute pulmonary irritation with frank edema formation as cause of
death is difficult to establish as the maximum tested concentrations
for non-lethal endpoints were far below the non-lethal threshold
C � T. However, potency comparisons for non-lethal endpoints
appear to be least influenced by changes in breathing patterns
and inhaled dose in the range of concentrations examined. Due to
the differences in the generations principles, it can be assumed that
the deposited/retained fraction of mMDI in the chronic inhalation
study was higher than in this acute study.


3.3. Pulmonary biokinetics of MDI


Polymerized reaction products of MDI may precipitate in the
lining fluids of the lung and are then phagocytosed by alveolar
macrophages. Such reaction products of MDI in alveolar macro-
phages and airways have been observed in the long-term inhala-
tion studies with MDI (see below). However, unlike poorly
soluble particles, these phagocytized structures appear to be elim-
inated from the lung much faster by proteolytic biodegradation
rather than via the mechanical macrophage clearance pathways
which have a generic elimination half-time of t1/2 �60–80 days
at non-lung overload conditions (Pauluhn, 2011). This characteris-
tic appears to be consistent with the rapid reversibility of findings
(elevations in alveolar macrophages, macrophages with increased
phospholipid contents, and inflammatory cells) described follow-
ing repeated subacute exposure of rats to pMDI aerosol (Kilgour
et al., 2002). Accordingly, as already suggested by the time-course
changes in BAL (Fig. 4) the influx of PMNs and other inflammatory
cells seems to be triggered by acute irritation (cytotoxic) mecha-
nisms rather than any pulmonary overload-related cumulative
mechanisms.

 8  10  12  14


 95% Confidence Interval
-1) * exp{-b * conc}]


tion [mg/m³]


BMD = 0.70 mg/m³
BMDL = 0.52 mg/m³


 8  10  12  14


 95% Confidence Interval
-1) * exp{-b * conc}]


tion [mg/m³]


BMD = 0.70 mg/m³
BMDL = 0.52 mg/m³


. For analysis the respective data of the 2- and 4-week pMDI inhalation studies from
e Table 1). Calculations utilized US EPA’s BMDS version 2.1 software (US-EPA, 2000)
benchmark concentration is referred to as the BMDL, while the point estimate, such


ic mode of action of inhaled methylenediphenyl diisocyanate (MDI) in rats
0.1016/j.yrtph.2011.09.007



http://dx.doi.org/10.1016/j.yrtph.2011.09.007





Lung Weights (absolute)


Concentration [mg pMDI/m³]


C
ha


ng
e 


re
la


tiv
e 


to
 C


on
tro


l [
%


]


80


100


120


140


160


180


2-wks-males (I)
2-wks-females (I)
4-wks (II)
4-wks-recovery (II)


**


*


BAL-Protein


Concentration [mg pMDI/m³]


C
ha


ng
e 


re
la


tiv
e 


to
 C


on
tro


l [
%


]


0


100


200


300


400


2-wks (I)
4-wks (II)
4-wks-recovery (II)


**


**


BAL-Cell Phospholipids


Concentration [mg pMDI/m³]


C
ha


ng
e 


re
la


tiv
e 


to
 C


on
tro


l [
%


]


0


100


200


300


400


500


600


2-wks (I)
4-wks (II)
4-wks-recovery (II)


**


**


**


BAL-Total Cell Count


Concentration [mg pMDI/m³]


0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14


0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14


C
ha


ng
e 


re
la


tiv
e 


to
 C


on
tro


l [
%


]


0


100


200


300


400


2-wks (I)
4-wks (II)
4-wks-recovery (II)


**


*


Fig. 9. Comparison of wet lung weights and endpoints in bronchoalveolar lavage fluid (total protein, phospholipids, and total cell counts) from repeatedly nose-only exposed
rats to pMDI aerosol for either 2- or 4-weeks (for experimental details see Table 1). Data points represent the mean ± S.D. of five female rats (Kilgour et al., 2002; the lung
weights were reproduced from unpublished reports of the International Isocyanate Institute, III-11335 vol. 1, and III-11362 vol. 1) or six male rats per postexposure sacrifice
time point and group (Pauluhn, 2000). The lung weights of the latter study were analyzed sex-specific whereas for all other endpoints male and female rats were combined, if
applicable. Asterisks denote statistical significance when compared to the time-matched control (⁄P < 0.05, ⁄⁄P < 0.01).


J. Pauluhn / Regulatory Toxicology and Pharmacology xxx (2011) xxx–xxx 9

For the parameterization of the kinetic model used (for details
see Pauluhn, 2011), empirical data from two MDI rat inhalation
were used: In study (I) rats were nose-only exposed to pMDI at
12.9 mg/m3 (6 h/day, 5 days/week on �3 consecutive weeks,
MMAD 1.55 lm, GSD 1.6; Pauluhn, 2002b). During a postexposure
period of approximately 2 weeks, pMDI-laden cells from the alve-
olar region were repetitively collected by BAL. The BAL-cell pellets
were lysed and subjected to alkaline hydrolysis to obtain the ana-
lyte 4,40-MDA. Attempts were made to analyze also the next higher
homologue of pMDI (3-aryl MDI). However, only minimal amounts
of this higher homologue could be retrieved, possibly due to the
decreasing efficiency of hydrolysis. The respective time-course
data are presented in Fig. 7 (I). In the single 6-h nose-only inhala-
tion study (II) on rats reported by Gledhill et al. (2005) the
exposure was to the condensation aerosol of 14C-4,40-MDI at
3.7 mg/m3 (MMAD 1.4 lm, GSD 2.0). The respective time-course
data of lung radioactivity are given in Fig. 7 (II). From this
illustration the conclusion can be drawn that the fast clearance
of t1/2 = 0.8 days is likely to be that of the glutathione-conjugated
4,40-MDI whereas the slow clearance of t1/2 = 7–9 days may repre-
sent the polymerized or protein-conjugated MDI. This interpreta-
tion seems to be supported by matching time-course changes in
phospholipid-laden alveolar macrophages (Pauluhn, 2000; Kilgour
et al., 2002). Collectively, the kinetic data depicted in Fig. 7

Please cite this article in press as: Pauluhn, J. Interrelating the acute and chron
assisted by computational toxicology. Regul. Toxicol. Pharmacol. (2011), doi:1

illustrate that a substantial proportion of the inhaled mMDI dose
is rapidly cleared from the lung, most likely as glutathione adduct
(Slatter et al., 1991; Day et al., 1990; Gledhill et al., 2005; Pauluhn
et al., 2006; Reisser et al., 2002). In the repeated �3-week exposure
study with pMDI, the lung clearance (BAL-cells) of the 4,40-MDI-
based analyte (after hydrolysis) was somewhat similar to that ob-
served in the Gledhill study using radioactively labeled 4,40-MDI
(see Fig. 7). Despite this evidence, for the purpose of modeling it
was assumed that the entirety of the deposited MDI was elimi-
nated by the slow clearance pathway only.


3.4. Comparison of pulmonary irritation related PODs of pMDI
following acute and repeated inhalation exposure


Cell proliferation (bromodeoxyuridine, BrdU, immunostaining)
was examined in the 2- to 3-weeks and 4-weeks pMDI studies
from Pauluhn et al. (1999) and Kilgour et al. (2002), respectively
(for details see Table 1). Both study focused on BrdU stains in the
region of the alveolar ducts and alveoli immediately distal to the
bronchiolo-alveolar duct junction (centriacinar region). The com-
bined analysis from both studies yielded a PODBMDL (benchmark
dose level at the lower 95% confidence limit of the benchmark
dose, BMDL) of 0.5 mg/m3 (Fig. 8). Remarkable similarity was also
observed when comparing the BAL-biomarkers of pulmonary

ic mode of action of inhaled methylenediphenyl diisocyanate (MDI) in rats
0.1016/j.yrtph.2011.09.007



http://dx.doi.org/10.1016/j.yrtph.2011.09.007





10 J. Pauluhn / Regulatory Toxicology and Pharmacology xxx (2011) xxx–xxx

irritation and inflammation to somewhat similar daily concentra-
tions after �3-weeks and 4-weeks (Fig. 9). Although the NOAELs
from both studies were essentially identical, the effect intensities
increased with the longer exposure period used by Kilgour et al.
(2002) which is consistent with the anticipated acute-on-chronic
irritant mechanism. The BAL-protein relationships showed evi-
dence of adaption whereas the lung weight showed a consistent
time-related aggravation. The biomarkers of deposited dose, i.e.,
increased phagocytosed phospholipids in alveolar macrophages
(BAL-cell phospholipids and BAL-cell counts), increased with
increasing study duration. Both biomarker classes were indistin-
guishable from the control after a 4-week recovery period.


The POD from 1 � 6 h inhalation of rats to pMDI was 0.5 mg/m3


(Fig. 6) based on BAL-protein. When applying the same analysis on
the 1 � 6 h pMDI study reported by Kilgour et al. (2002) the
respective POD was 0.7 mg/m3, despite differences in slopes
(Fig. 10). Independent on the number of exposures, all studies uti-
lized a protocol collecting BAL-fluid one day after the last exposure.
At irritant exposure concentrations, BAL-protein levels were much
lower than expected following repeated exposure based on the re-
sults from single exposures (Fig. 10). While these findings are con-
sistent with adaptation and tolerance, lung weights and biomarker
of pulmonary dose (phospholipids in BAL-cells, total CAL-cell
counts) increased (Figs. 9 and 10). The increased lung weights
may be interpreted as an integrated compensatory response to at-
tain and maintain tolerance.
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Fig. 10. Comparison of total protein in bronchoalveolar lavage fluid (BALF) and wet lu
1 � 6 h, 2-weeks (I) or 4-weeks (II). The repeated exposure studies utilized a five days/wee
mean ± S.D. of six male (I, Pauluhn, 2000), five female rats (I, Pauluhn et al., 1999; II, Kil
statistical significance when compared to the time-matched control (⁄P < 0.05, ⁄⁄P < 0.01
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3.5. Comparison of chronic inhalation studies with mMDI and pMDI


The two chronic inhalation studies with MDI aerosols were com-
paratively assessed by a panel of pathologists using mutually agreed
diagnostic criteria as detailed elsewhere (Feron et al., 2001). Briefly,
three bronchiolo-alveolar adenomas were found, two in the TNO-H
group and one in the FhG-H group (for acronyms see Table 1). Prene-
oplastic alveolar type bronchiolo-alveolar hyperplasia occurred in
the high-level groups of both studies and in the intermediate FhG
group. Lower grade alveolar type bronchiolo-alveolar hyperplasia
were observed in the TNO–H and in all FhG groups. Bronchiolar type
bronchioloalveolar hyperplasia of lower grades were reported in the
TNO-L/H and in all FhG groups. Likewise, interstitial fibrosis was ob-
served in the TNO-L/H and in all FhG groups. Macrophages with
inclusions were seen in all exposed groups of both the TNO and
FhG studies, but the incidence and intensity were greater in the
mid- and top-dose groups of the TNO study than from the FhG study.
In the TNO study, the macrophages were heavily laden with clear
yellow particle-like inclusions, whereas in the FhG study the macro-
phages appeared to be less laden with yellowish-white inclusions
that were not immediately apparent by light microscopy. Hemosid-
erin storage was increased dose-dependently in the FhG study,
whereas no increase occurred in the TNO study. When comparing
the macrophage morphologies from the TNO and FhG studies, it
appeared that those from the FhG study were relatively large and
had a foamy appearance with frequent signs of degeneration and
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Fig. 11. Stacked histogram of key histopathology findings from chronic inhalation
studies on rats with respirable pMDI (TNO) and mMDI (FhG). The actual exposure
concentrations L (low), I (intermediate), and H (high) are detailed in Table 1. Upper
panel – adenoma and hyperplasia: (I) Adenoma, bronchiolo-alveolar hyperplasia,
bronchiolo-alveolar alveolar type, (II) Adenoma, bronchiolo-alveolar hyperplasia,
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Fig. 12. Comparison of normalized wet lung weights from chronic inhalation
studies on rats with respirable pMDI (TNO) and mMDI (FhG). The actual exposure
concentrations L (low), I (intermediate), and H (high) are detailed in Table 1. Bars
represent the mean ± S.D. Asterisks denote statistical significance when compared
to the time-matched control (⁄P < 0.05, ⁄⁄P < 0.01).
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disintegration. Mononuclear cell infiltration was apparent in the
TNO–H and in all FhG groups (for a more detailed description of find-
ings see Feron et al., 2001). Collectively, the aggregated response of
intraalveolar cells to deposited mMDI and pMDI delivers a consis-
tent mechanistic picture, namely that the maximum C � Tday re-
sulted in a higher alveolar macrophage burden of pMDI-related
material in the TNO study (Fig. 14), whereas C � Tdays of the FhG
study caused a gradually higher macrophage toxicity.


The most salient histopathology findings are compiled in
Fig. 11. The respective lung weights at interim and terminal sacri-
fices are shown in Fig. 12. These illustrations show an increase in
lung weights in the FhG study that coincides with the lung
pathology of this study. The dependence of the ‘integrated lung
pathology’ on the exposure-duration/day adjusted C � Tday is sum-
marized in Fig. 13. The squared regression coefficients (R2) were
0.96 and 0.92 for ‘hyperplasia/adenoma’ and ‘macrophages’,
respectively. This suggest that these independent variables where
clearly dependent on both the C � Tday in relation to the acute irri-
tation threshold C � Tday of 0.04 mg/m3 MDIrespirable (Figs. 13 and
14). Below this threshold, the integrated effect-endpoint ‘hyperpla-
sia/adenoma’ was indistinguishable from the control and below
the dose-endpoint ‘macrophages’. At C � Tday’s approximately 10-
times this threshold the chronic lung pathology appears to be
superimposed by acute-on-chronic irritation. The under-propor-
tional increase occurring at the transitional level is consistent the
compensatory response shown in Figs. 9 and 10. Accounting for
the circumstance that the data presented in Fig. 13 originate from
studies using different types of MDI, different modes and regimens
of exposure as well as techniques to generate and characterize MDI
aerosols, their conclusive dependence on C � Tday is remarkable.
Hence, the C � Tday pulmonary irritation threshold dose from the
acute inhalation studies predicts reasonably well the outcome of
the two chronic studies (Figs. 13 and 14).


3.6. Dosimetry, dosimetrics, and time-adjustment


The simulated retention of MDI reaction products provides fur-
ther evidence that lung overload was not attained in any of the
chronic inhalation study (Fig. 15). Notwithstanding the uncertain-
ties involved with such modeling procedures, the ‘‘macrophage
dosimetry’’ described by histopathology (Fig. 11, lower panel) is
not at variance with the simulated steady-state of alveolar macro-
phage loading. Hence, the modeling procedures as well as the
reversibility study from Kilgour et al. (2002) verify the hypothesis
that lung inflammation is more likely to be contingent on the
C � Tday rather than the accumulated total polymerized MDI lead-
ing eventually to lung overload-like pulmonary inflammation. The
higher incidence and intensities of findings from the FhG study ap-
pears to reflect the supra-threshold irritant C � Tday dose of mMDI
used in the FhG study (Fig. 14).


The dose-calculation presented in Fig. 14 assumed that mMDI
was present as aerosol. Due to the absence of any ‘‘carrier pMDI
aerosol’’ in the FhG study as well as its generation as condensation
aerosol may have led to an underestimation of the retained frac-
tion of mMDI-vapor in the lower respiratory tract. Likewise, it
can not be excluded that any re-equilibrium of pure mMDI-aerosol
into the vapor phase occurs in the pulmonary region. Therefore, the
‘true’ lower respiratory tract dosimetry of mMDI may be more
complex than given in Fig. 14. Therefore, the mMDI C � Tday shown
in Fig. 14 are biased to be underestimated. It could also be argued
that the modeling procedure did not adequately address the differ-
ences of possible carry-over of effects that are more likely to occur
in the 18-h/day FhG study as compared to the 6-h/day TNO study.
Therefore, it cannot entirely be ruled out that the longer recovery-
time available in the TNO study afforded more time for the recon-
stitution of glutathione and other MDI-scavenging substances.
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However, it appears as if the integrated outcome is more driven by
the C � Tday and its relationship to pulmonary irritation rather than
the exposure regimen per se. Hence, the ‘lung hyperplasia and ade-
noma’–C � Tday relationship depicted in Fig. 13, including the
dependence on sub-/supra-threshold pulmonary irritation, takes
precedence over any exposure duration-related variable.


3.7. Critical mode of action (MoA)


It is beyond the scope of this analysis to reiterate expert judg-
ment on preneoplastic and neoplastic findings in the lungs of rats
from each chronic bioassay (Feron et al., 2001) which is not trivial
due to the lower survival rate of rats in the FhG study. The rats
from the FhG study exhibited a notably increased incidence and
intensity of both types of bronchiolo-alveolar hyperplasia, includ-
ing increased preneoplastic lesions and interstitial fibrosis which
coincide with higher lung weights and the supra-threshold irritant
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threshold C � Tday used. As already conceptualized in Fig. 1, the
adaptive response of the lower respiratory tract to irritants and
oxidants is not uncommon and is consistent with the hypothesized
MoA (Evans, 1982; Hatch et al., 2001; Massaro and Massaro, 1978;
Pauluhn et al., 2007). The early phase entails a defense against pul-
monary edema engendered by destruction of the susceptible cells
forming most of the air–blood interface. This defense is brought
about by type II alveolar cell replication to reform and maintain
a continuous epithelial layer in the alveoli. Factors favoring a suc-
cessful defense would include an initial large population of type II
cells or the ability of type II cells to divide fast enough to re-estab-
lish continuity before any injury of the more susceptible cells, such
as type I alveolar epithelial or endothelial cells, may progress into
frank lung edema. The second phase of adaptation would require
the development of increased tolerance of previously susceptible
cells to continued high-level exposure to prevent their deteriora-
tion. However, in combination with the proliferation capacity,
the role of type II cells in the progress of neoplastic transformation
appears to be important (Dormans and van Bree, 1995). For inhaled
MDI that consumes stoichiometrically nucleophilic equivalents
present in the surfactant layer lining the alveoli, increased bio-
chemical defense is provided by Clara cells and particularly type
II cells. The involvement of GSH has implicitly been verified by
showing that the synthesized mMDI-GSH bis-adduct administered
by single intratracheal instillation to rats yielded the same bio-
marker of exposure as from MDI-aerosols (Pauluhn et al., 2006).
Likewise, studies with GSH depletion/supplementation prior to
MDI exposure resulted in increased/decreased susceptibility of
MDI-induced pulmonary irritation (Pauluhn, 2000). Compared to
rats, humans are reported to have higher contents of this antioxi-
dant (Slade et al., 1993; Hatch, 1992).


Any sustained hypertrophy and proliferation of this cell type, in
the presence of exhausted detoxification and antioxidant capaci-
ties, may promote epi-phenomena such as dys- or neoplasia. Apop-
tosis, or physiological cell death program, provides on one hand, a
beneficial effect maintaining and regulating tissue homeostasis,
yet on the other hand, a detrimental outcome when the process
of apoptosis and/or clearance of proliferating cells are abnormally
regulated. Apoptosis in lung cells may also play a key role in the
development of pulmonary fibrosis and cancer when apoptosis
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Fig. 15. Modeling of lung burdens of rats exposed to respirable MDI aerosols at
exposure-duration adjusted concentrations (5 days/week) for either 720 days (TNO,
pMDI) or 600 days (FhG, mMDI) (for details see Table 1 and Feron et al., 2001). The
overload threshold is defined as 5 ll PMresp/m3


t (PMresp: respirable particulate
matter of MDI). For the conversion of mass to volume concentration a unit density
of aerosol was assumed. Details of the simulation model were published elsewhere
(Pauluhn, 2011).
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becomes excessive and dysregulated (Clark et al., 2002; Drakopa-
nagiotakis et al., 2008; Thompson, 1995; Wang et al., 2002). In
most of the metabolism and biokinetic studies analyzed experi-
mental emphasis was directed towards the question as to whether
any hydrolysed free amine (MDA) can be found in biological spec-
imens. No free amine was found which is no surprise as the lung
microenvironment favors conjugation rather than hydrolysis.
Long-term effects after recurrent inhalation exposure are antici-
pated to occur when the acute irritant threshold C � Tday of MDI
is exceeded.


The potential contribution of polymeric reaction products of
MDIs was addressed by simulation taking into consideration the
slow t1/2 of 9 days. The simulated relationship of study duration
and cumulative lung burden show that steady-state is attained
within �50 days of study (Fig. 15) without exceeding the threshold
of volumetric lung burden that is expected to trigger a delay in the
clearance of alveolar macrophages (Pauluhn, 2011). Hence, a lung
overload triggered sustained lung inflammation appears to be an
unlikely outcome. This is further substantiated by the time-course
study from Kilgour et al. (2002) showing that the neutrophil and
alveolar macrophage response observed after 4 weeks repeated
inhalation exposure to pMDI are entirely reversible within a
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recovery period as short as 4 weeks. Hence, both from the clear-
ance kinetics of inhaled MDI as well as the known kinetics of alve-
olar macrophages (t1/2 �60–80 days; Pauluhn, 2011) a relatively
rapid proteolytic degradation of phagocytosed MDI-adducted pro-
teins appears to be the most likely event. Accordingly, a non-
cumulative dose metric, namely a C � Tday fits the chronic outcome
best.

4. Conclusions


This analysis supports the hypothesis outlined in Fig. 1, namely
that chronic pathology following recurrent MDI inhalation is both
dependent on the C � Tday and the degree of acute pulmonary
irritation and will occur when the available pool of nucleophiles
is sufficiently depleted to initiate an acute dysfunction of the
air–blood barrier system. Consistent with this hypothesis is the
finding that the BMDL of proliferation and the POD of acute
pulmonary irritation yielded essentially identical threshold val-
ues. The concatenation of multiple events that may become
chronically operative with excessive pulmonary irritation require
chronic inhalation bioassays to be performed at meaningful mul-
tiples of the acute irritation threshold C � Tday. Accordingly, MoA-
based short-term bioassays, in conjunction with computational
toxicology, are considered to be invaluable adjuncts to standard
hazard characterization bioassay and the ensuing risk assessment
process.
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